and a power conversion effi ciency (PCE) of ≈3% in 2009. [ 5 ] In late 2012, Park et al. fabricated a solid-state mesoscopic perovskitesensitized solar cell and boosted the PCE up to 9.7%. [ 6 ] The breakthrough in perovskite photovoltaics (PVs) began with Snaith and co-workers' report, which employed mesoporous alumina scaffold and methylammonium lead iodide chloride to fabricate meso-superstructured solar cells (MSSCs), resulting in 10.9% effi ciency. [ 7 ] Later, the same group further developed planar heterojunction (PHJ) perovskite solar cells, which removed the mesoporous layer and exhibited a PCE of 15.4%. [ 8 ] Research on organometal halide perovskites based solar cells have since been undertaken drastically and skyrocketed a certifi ed PCE value of 21.0%, which largely exceeded those of organic photovoltaics (OPVs), DSSCs and rivaled those of conventional thin-fi lm PVs such as crystalline silicon (c-Si), gallium arsenide (GaAs) and copper indium gallium (di)selenide (CIGS) cells. [ 9 ] Apart from their extraordinary photovoltaic properties, organometal halide perovskites are excellent candidates for realization of other electronic applications such as lasers, photodetectors, and light-emitting diodes (LEDs). [10] [11] [12] [13] [14] [15] [16] Perovskites, named after Russian mineralogist L. A. Perovski, initially referred to a calcium titanium oxide mineral composed of calcium titanate (CaTiO 3 ). Such terminology has since been extended to the kind of compounds that take the similar crystal structure as CaTiO 3 . The class of hybrid organic− inorganic perovskites adopts the general perovskite chemical formula AB X 3 , where A is monovalent organic cation-typically CH 3 NH 3 + (i.e., MA + ) and HC(NH 2 ) 2 + (i.e., FA + ), B is metal cation (i.e., Pb 2+ , Sn 2+ ), and X is halide anion (i.e., Cl − , Br − , I − or their mixtures). Different than conventional perovskites, the organic part A serves as structural template and affords solution processability. The most commonly studied hybrid perovskites include methylammonium lead triiodide perovskite (CH 3 NH 3 PbI 3 ), mixed halide perovskite (CH 3 NH 3 PbI 3− x Cl x and CH 3 NH 3 PbI 3− x Br x ) and formamidinium lead triiodide (NH 2 CHNH 2 PbI 3 , FAPbI 3 ). In a typical perovskite crystal structure, B occupies the center of an octahedral [B X 6 ] 4− cluster, while A is 12-fold cuboctahedral coordinated with X anions, as shown in Figure 1 . [ 17, 18 ] The formability of this crystal structure Recently, organic-inorganic halide perovskites have sparked tremendous research interest because of their ground-breaking photovoltaic performance. The crystallization process and crystal shape of perovskites have striking impacts on their optoelectronic properties. Polycrystalline fi lms and single crystals are two main forms of perovskites. Currently, perovskite thin fi lms have been under intensive investigation while studies of perovskite single crystals are just in their infancy. This review article is concentrated upon the control of perovskite structures and growth, which are intimately correlated for improvements of not only solar cells but also light-emitting diodes, lasers, and photodetectors. We begin with the survey of the fi lm formation process of perovskites including deposition methods and morphological optimization avenues. Strategies such as the use of additives, thermal annealing, solvent annealing, atmospheric control, and solvent engineering have been successfully employed to yield high-quality perovskite fi lms. Next, we turn to summarize the shape evolution of perovskites single crystals from three-dimensional large sized single crystals, two-dimensional nanoplates, one-dimensional nanowires, to zero-dimensional quantum dots. Siginifi cant functions of perovskites single crystals are highlighted, which benefi t fundamental studies of intrinsic photophysics. Then, the growth mechanisms of the previously mentioned perovskite crystals are unveiled. Lastly, perspectives for structure and growth control of perovskites are outlined towards high-performance (opto)electronic devices.
Introduction
The last few years have witnessed the unprecedented rapid development of a new class of solar cells based on organic-inorganic halide perovskites. [1] [2] [3] [4] Initial studies of organometal trihalides as sensitizers for liquid-electrolyte-based dye-sensitized solar cells (DSSCs) achieved a high photovoltage close to 1.0 V 
Where r A , r B , and r X are the effective ionic radii for A , B , and X ions, respectively. Another factor, called octahedral factor ( µ ), µ = r B / r X , is also used to evaluate stability of perovskite. It is believed that perovskites can be stabilized when t lies in the range of 0.813−1.107 and µ is in the range of 0.442−0.895. [ 20 ] Such unique structure renders perovskite with a host of intriguing characteristics such as high absorption coeffi cient, [ 6 ] wide absorption range, tunable bandgaps, [ 21 ] low exciton binding energy, [ 22 ] long electron and hole diffusion lengths, [ 23, 24 ] high ambipolar charge mobilities, [ 25, 26 ] and extended charge carrier lifetime. [ 27 ] Polycrystalline fi lms and single crystals are two main forms of perovskites. For the fi lm format, a fi ne control of perovskite crystallization is critical to fi lm morphology such as uniformity and surface coverage, which essentially determine the performance of solar cells. [ 28, 29 ] Currently, perovskite fi lm format has been intensively researched and already produced high-efficiency solar cells, while the study of perovskite single crystals is just in its infancy. Of great importance, single crystals are highly conducive to investigate fundamentally intrinsic properties of perovskites due to their absence of grain boundaries and existence of low trap density. [ 30 ] Furthermore, it is wellknown that crystal shape and size of perovskites have profound impacts on their electrical and optical properties.
In this review article, we begin with discussing the crystallization and morphology control process of perovskite fi lm formation, then turn to growth of large-sized single crystals as well as free-standing perovskite nanoparticles. Next, we highlight the dimensional evolution of perovskites from dimensions of three, two and one to zero dimension. Importantly, the characterization of optoelectronic properties of single crystals and their applications other than solar cells are summarized. Then, the growth mechanisms of these perovskite crystals are revealed. Perspectives for a fi ne control of perovskite structure and growth towards high-performance electronic devices are fi nally outlined.
Film Formation of Perovskites

Chemical and Physical Depositions
One advantage of organometal halide perovskites is their versatile processibility. As shown in Figure 2 , perovskite fi lms can be prepared by chemical and physical deposition techniques, mainly including one-step solution processing, twostep sequential deposition, vapor deposition and vapor assisted solution processing. [31] [32] [33] It is worth noting that perovskites fi lm quality is susceptible to deposition conditions. Thus, it is Schematic of perovskite fi lm deposition methods. a) One-step solution processing method. b) Two-step spin-coating procedure. Reproduced with permission. [ 34 ] Copyright 2014, Nature Publishing Group. c) Dual-source thermal evaporation system. Reproduced with permission. [ 8 ] Copyright 2013, Nature Publishing Group. d) Vapor-assisted solution process. Reproduced with permission. [ 35 ] Copyright 2013, American Chemical Society. e) Hybrid chemical vapor deposition based perovskite synthesis. Reprinted with permission. [ 36 ] Copyright 2014, Royal Society of Chemistry. f) Spray deposition technique. Reproduced with permission. [ 37 ] Copyright 2015, American Chemical Society. g) Doctor-blading. Reprinted with permission. [ 38 ] Copyright 2015, Royal Society of Chemistry. h) Slot-die coating with a gas-quenching process. Reproduced with permission. [ 39 ] Copyright 2015, Wiley-VCH.
© 2016 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim solar cells and photodetectors have been fabricated via this method. [44] [45] [46] A two-step deposition method was further developed to gain a better control of perovskite morphology. In this method, Pb X 2 is fi rstly spin-coated onto the substrate, followed by dipping or spin-coating of CH 3 NH 3 X perovskite fi lm (Figure 2 b) . [ 47, 34, 48, 49 ] This method was initiated by Burschka et al. [ 47 ] , in which PbI 2 was fi rst spin-coated on a mesoporous TiO 2 fi lm and subsequently transformed into CH 3 NH 3 PbI 3 by dipping it into a solution of CH 3 NH 3 I in 2-propanol (IPA). The Park group later used a two-step spin-coating procedure to produce highquality perovskite fi lms. It was found that the crystal size of as-made CH 3 NH 3 PbI 3 strongly depended on the concentration of CH 3 NH 3 PbI 3 . [ 34 ] Generally, a lower concentration led to a bigger cuboid size.
Such a two-step sequential deposition approach can be modifi ed to obtain mixed halide perovskites. For example, morphology-controllable CH 3 NH 3 PbI 3− x Cl x perovskites can be prepared by spin-coating a mixed solution of CH 3 NH 3 Cl and CH 3 NH 3 I or a mixture of PbCl 2 and PbI 2 . [50] [51] [52] In another work, CH 3 NH 3 PbI 3− x Br x was synthesized through spin-coating CH 3 NH 3 Br : CH 3 NH 3 I mixed precursor solution onto the PbI 2 layers. [ 53 ] Interestingly, pseudohalogen thiocyanate (SCN) was introduced into perovskite by spin-coating a mixture of PbI 2 and Pb(SCN) 2 source in the fi rst step, followed by coating a CH 3 NH 3 I layer. [ 54 ] The fi nal CH 3 NH 3 PbI 3− x (SCN) x perovskite fi lms presented larger-sized crystals and fewer traps than CH 3 NH 3 PbI 3 .
Vapor deposition method has also demonstrated as an effective way to deposit uniform and dense perovskite fi lms. The Snaith group employed dual source evaporation system (i.e., separate CH 3 NH 3 I and PbCl 2 sources) to deposit CH 3 NH 3 PbI 3− x Cl x fi lms (Figure 2 c). [ 8 ] These fi lms were extremely dense with crystal size of hundreds of nanometers, yielding a PCE of over 15%.
By combining current solution process and vacuum deposition, a novel low-temperature vapor-assisted solution process (VASP) was applied to fabricate perovskite fi lms. [ 35 ] The key step was in-situ reaction of PbI 2 fi lm with CH 3 NH 3 I vapor, resulting in CH 3 NH 3 PbI 3 fi lms with full surface coverage and grain size up to microscale (Figure 2 d) . These VASP fi lms based devices exhibited an impressive PCE of 12.1% within a planar architecture.
Chemical vapor deposition (CVD), as a cost-effective way to scale up to industrial levels, was successfully applied to deposit perovskite fi lms. [ 55 ] For instance, the Qi group used hybrid CVD to synthesize perovskite fi lms, where thermalevaporation of PbCl 2 followed by vapor phase deposition of MAI (Figure 2 e) . [ 36 ] A PCE as high as 11.8% was thus achieved. Noticeably, these cells exhibited decent stability and high reproducibility. The same group later demonstrated the CVD of FAPbI 3 . [ 56 ] Later, aerosol-assisted CVD, an ambient-pressure CVD technique, was used to deposit perovskite fi lms. [ 57, 58 ] This method utilized the nebulization of precursor molecules, followed by transport of the aerosol in an inert carrier gas such as argon to a substrate surface where thermal decomposition of the precursors occurred. In another study, Lu and co-workers fabricated uniform CH 3 NH 3 PbI 3 fi lms by a low-pressure CVD technique, which effectively slowed down the over-rapid intercalating reaction rate. [ 59 ] The same team later demonstrated large-area deposition of CH 3 NH 3 PbI 3 fi lms by in-situ tubular CVD method. [ 60 ] Besides CVD, spray-coating is a viable processing protocol towards large-area, low-cost manufacture of perovskites. Figure 2 f shows the schematic illustration of spray process. One-step perovskite precursors are sprayed from a nozzle onto a hot substrate, followed by swift evaporation of solvent, thereby creating the perovskite crystals. For instance, Gamliel et al. fabricated thickness-controllable CH 3 NH 3 PbI 3 fi lms by varying the number of spray passes in the spray process. [ 37 ] In parallel, Barrows et al. spray-coated CH 3 NH 3 PbI 3− x Cl x fi lms with high surface coverage under ambient conditions after optimization of spraying parameters such as substrate temperature, casting solvent and post-annealing temperature. As a result, a PCE of up to 11% was obtained. [ 61 ] As another example, Das et al. applied ultrasonic spray-coating of CH 3 NH 3 PbI 3− x Cl x on polyethylene terephthalate (PET) substrate to realize fl exible perovskite solar cells with a PCE of 8.1%. [ 62 ] Furthermore, other techniques such as blade-coating [ 38 ] and slot-die [ 39 ] were successfully applied to fabricate perovskite fi lms, paving the way for low-cost and large-scale deployment of solar energy. For the blade-coating process, the precursor solution was fi rst dropped onto substrate, followed by a linear swipe using a glass blade with the relatively high speed (Figure 2 g ). By this means, the domain size of the bladed fi lms can even reach 80-250 mm. For the slot-die coating, PbI 2 solution was fi rst coated on substrate from one slot-die head. Meanwhile, high-pressure nitrogen from another head quickly dried the PbI 2 fi lm (Figure 2 h ). Perovskite fi lm was therefore made by sequentially slot-die coating of MAI solution. A PCE of 11.96% was achieved for slot-die devices under ambient conditions.
Morphology Control
Additives
Chloride was reported to have striking infl uences on the morphological evolution of perovskite thin fi lms. In one-step solution approach, standard CH 3 NH 3 PbI 3 precursors-an equimolar mixture of CH 3 NH 3 I and PbI 2 -generally gives rise to poor surface coverage due to the fast crystallization of CH 3 NH 3 PbI 3 , which is thus unable to generate high-effi ciency solar cell devices.
In an initial attempt, Zhao et al. added CH 3 NH 3 Cl (MACl) to the standard CH 3 NH 3 PbI 3 precursor solution and adjust the crystallization process for CH 3 NH 3 PbI 3 . The use of MACl led to the formation of pure CH 3 NH 3 PbI 3 with enhanced absorption and improved coverage of CH 3 NH 3 PbI 3 on planar substrate. [ 63 ] MACl additive was also applicable to the reaction between PbBr 2 and CH 3 NH 3 I for the fabrication of CH 3 NH 3 PbI 2 Br based PHJ solar cells. [ 64 ] Inspired by that, Chen et al. further demonstrated a novel one-step solution method of preparing perovskite fi lms at room temperature. The non-thermal fabrication of CH 3 NH 3 PbI 3 fi lms was realized by adding NH 4 Cl, a common cheap fertilizer, to the standard precursor solution of CH 3 NH 3 I and PbI 2 .
envolution. CH 3 NH 3 PbI 3 fi lm prepared from standard binary solution of CH 3 NH 3 I and PbI 2 was discontinuous and consisted of elongated large crystal plates (Figure 3 a) . The NH 4 Cl strongly affected the crystallization process and optimized the fi lm morphology of CH 3 NH 3 PbI 3 , yielding a fl at and uniform perovskite fi lm (Figure 3 b) . As displayed in Figure 3 d, it seemed reasonable that adding NH 4 Cl to the standard precursor solution could lead to the rapid formation of an intermediate crystal structure like PbI 2 ·CH 3 NH 3 I··· x ·NH 4 Cl. Excess NH 4 Cl could escape from intermediate due to the low vapor point of NH 4 Cl and spin-induced low pressure in the fi lm-forming step.
In a subsequent report, NH 4 Cl was introduced to regulate crystallization of CH 3 NH 3 PbI 3− x Br x . [ 67 ] In analogy to that of CH 3 NH 3 PbI 3 , [ 65 ] the direct reaction between lead bromide (iodide) and methylamine iodide (bromide) usually led to a CH 3 NH 3 PbI 3− x Br x fi lm with rough surface and low coverage. The incorporation of NH 4 Cl in the reaction system was found to effectively slow down the crystallization and provide more relaxation time, resulting in uniform and compact CH 3 NH 3 PbI 3− x Br x thin fi lm regardless of the molar ratio between I and Br in the fi nal compound. The optimal device based on CH 3 NH 3 PbI 2.4 Br 0.6 led to a PCE of 12.1%. In another report, Wang et al. systematically studied the effect of chloride additives including NH 4 Cl, MACl and FACl on the fi lm formation of HC(NH) 2 PbI 3 (FAPbI 3 ). [ 68 ] The use of low-volatility FACl and MACl assisted in the crystallization of black α-FAPbI 3 phase through the formation of non-δ -FAPbI 3 intermediate phase, whereas NH 4 Cl led to the undesirable yellow δ -FAPbI 3 phase due to its highly volatile nature.
Despite these favorable infl uences upon addition of the above volatile chloride additives, the oppositely negative effects of nonvolatile chlorinated additives were revealed by Chen et al. [ 66 ] As shown in Figure 3 c, nonvolatile compound CaCl 2 can signifi cantly improve the fi lm morphology of CH 3 NH 3 PbI 3 , which exhibited closely packed crystals and increased surface coverage. This regulation process was realized by an intermediate phase induced by the Cl − inclusion. However, different than those volatile chlorinated additives, most Cl − ions precipitated out, despite the partial inclusion into the CH 3 NH 3 PbI 3 crystal, because insulating CaCl 2 upon heat treatment remained in the fi nal perovskite fi lm (Figure 3 e) . As a result, CaCl 2 treated CH 3 NH 3 PbI 3 based planar solar cells were shown to yield poor device performance.
Inspired by the optimization of polymer fi lm morphorlogy in OPVs, the Jen group chose an organic additive, 1,8-diiodooctane (DIO), to modulate the crystallization rate and interfacial energy of CH 3 NH 3 PbI 3 , which yielded a best PCE of ≈12%. [ 69 ] Incorporated DIO additive can chelate with Pb 2+ in phase transformation, leading to distorted crystal lattice, increased internal energy and confi gurational entropy of growing crystals. As a result, crystals in DIO-treated fi lm displayed more regular faceting and improved interconnectivity than those of the pristine one. More recently, the same group further explored the feasibility of optimizing the molecular structures of alkyl halides additives to modulate crystallization of perovskite, since chain length and end-group of these additives may affect intermolecular interactions between solvent and solute. [ 70 ] Alkyl halides including 1,4-diiodobutane (1,4-DIB), 1,10-diiododecane (1,10-DID), 1,4-dibromobutane (1,4-DBrB) and 1,4-dichlorobutane (1,4-DClB) bearing different alkyl chain lengths and end-groups have been systematically investigated to elucidate their infl uences on perovskite thin fi lm evolution. It was found that C− X bond of alkyl iodides easily dissociated during the thermal annealing, which generated free X − ions to affect the coordination with Pb 2+ in the perovskite formation. Consequently, these additives led to the formation of perovskite fi lms with improved crystallization [ 65 ] Copyright 2015, American Chemical Society. c,e) adapted with permission. [ 66 ] Copyright 2015, Royal Society of Chemistry.
and better surface coverage, thereby giving a signifi cant increase of PCE up to 13.1%. Another frequently used additive of OPV cells-1-chloronaphthalene (CN)-was also applied to regulate the crystallization kinetics of perovskite, which improved both optical absorption and surface coverage than pristine fi lm. [ 71 ] In addition to alkyl halides, organic halide salts were found to be effective in improving the crystallinity and coverage of perovskite fi lms. For instance, phosphonium halides with bulky aromatic cations, tetraphenylphosphonium iodide (TPPI) and chloride (TPPCl) successfully improved fi lm morphology of perovskites and their device performance. [ 72 ] The free halide ions from the salts may chelate to the Pb 2+ cations and participate in the perovskite crystal formation, similar to the role of above-mentioned alkyl halides, while the bulky and more rigid aromatic groups may alter the growth kinetic of the perovskite fi lms. Moreover, TPPI was also an effi cient interfacial n-type dopant to reduce the contact resistance between PCBM and metal cathode. Consequently, PHJ solar cells of perovskites based on these phosphonium halides displayed an improved PCE up to 13%.
Very recently, the Grätzel group reported the use of butylphosphonic acid 4-ammonium chloride (4-ABPACl) as additive in a one-step solution-processing strategy, which resulted in stable and high-performance perovskite solar cells. [ 73 ] As shown in into empty A sites of perovskite through a supramolecular interaction, such as N-H···I − hydrogen bonding. In the meantime, the other end group of −PO(OH) 2 was strongly anchored to the perovskite surface via P-OH···I − hydrogen bonding. As a consequence, the 4-ABPACl molecules acted as crosslinking agents between neighbouring perovskite grains. This led to the formation of a smooth and uniform perovskite capping layer ranther than the rugged and discontinuous one without 4-ABPACl additive (Figure 4 b) . Cross-sectional SEM images in Figure 4 c also indicated that the loading content of perovskite within mesoscopic TiO 2 scaffold was remarkably increased with the additon of 4-ABPACl. These two factors are combined to result in signifi cant improvements of PV performance and moisture stability as opposed to pristine perovskites.
Long-term stability of perovskite cells remains as the biggest hurdle prior to the commercialization. The use of ethylammonium iodide (EAI) additive can signifi cantly improve the fi lm quality and more importantly device stability. [ 74 ] Devices based on EAI-containing CH 3 NH 3 PbI 3− x Cl x perovskites retained approximately 80% of their pristine PCEs under accelerated heating (e.g., 65 °C) in a dark N 2 -fi lled glove box for over 360 h. The enhanced stability largely arised from EAI suppressed crystallization of CH 3 NH 3 PbI 3− x Cl x . In a recent work, H 2 O additive was shown to be benifi cial for stability of CH 3 NH 3 PbI 3− x Cl x . [ 75 ] The formation of CH 3 NH 3 PbI 3− x Cl x ·nH 2 O hydrated perovskite during annealing process largely improved moisture resistance and thus device stability. In another report, the water content (≤10 vol%) in perovskite precursors was found to have insignificant infl uence on the photovoltaic performance of devices. [ 76 ] More recently, polymer additives have demonstrated as a simple yet novel strategy to optimize the fi lm morphology of perovskites. [ 77 ] For instance, Su et al. reported that poly(ethylene glycol) (PEG) additive can not only facilitated CH 3 NH 3 PbI 3− x Cl x precursor solution to spread out smoothly, but also retarded the growth and aggregation of perovskite crystals, both of which resulted in dense and smooth fi lms. However, the main drawback for such polymer additive was its insulating characteristics, which caused unfavorably an increase of series resistance. Therefore, the amount of addition must be carefully controlled; in the above report, a 25% increase in PCE was achieved by adding 1 wt% of PEG additive.
Spin-coating of a mixed solution of formamidinium iodide (FAI) and PbI 2 precursors in DMF initially yielded discontinuous perovskite fi lms. To resolve this issue, the Snaith group added a small amount of hydroiodic acid (HI) to the stoichiometric FAI : PbI 2 (1 : 1 mol%) precursor solution. [ 78 ] Such added acid promoted the solubilization of the inorganic component and hence hindered the FAPbI 3 crystallization, generating extremely uniform and continuous fi lm with high phase purity. The same group later employed HI additive to successfully stabilize inorganic Caesium lead iodide (CsPbI 3 ) perovskites over 300 °C. [ 79 ] In a following report, HI additive was added to produce pinhole-free MAPbI 3 perovskite thin fi lm with high phase purity. [ 80 ] The added HI recovered the methylamine, a decomposed product of MAI, into MAI, thereby signifi cantly suppressing the decomposition reaction of MAPbI 3 perovskite. Consequently, the formation of PbI 2 impurities was notably inhibited whereas conventional MAPbI 3 in DMF or DMSO solution made some PbI 2 impurity inevitably. Finally, the HI-treated device exhibited a high PCE of 17.2% irrespective of the scan direction and rate.
In two-step deposition method, additives have also demonstrated to play a crucial role. As is well-known, the PbI 2 morphology is a prerequisite for high-quality perovskite thin fi lm in two-step sequential deposition. Therefore, additives such as acid, water and DMF were generally utilized in the fi rst-step PbI 2 precursor solution. For instance, Leung et al. successfully prepared uniform and continuous MAPbI 3 thin fi lm by adding HCl into PbI 2 precursor solution. [ 81 ] The addition of HCl inhibited the formation of rod-shape PbI 2 and promoted homogeneous nucleation and crystal growth. The HCl-treated device displayed a respectable PCE of 15.2% with remarkably improved environmental stability. Zhao et al. also fabricated pinhole-free planar CH 3 NH 3 PbI 3 perovskite fi lm with the aid of HCl in both one-step and two-step deposition methods. [ 82 ] Importantly, these fi lms exhibited high humidity tolerance, which were stable even under relative humidity (RH) of 60%. Likewise, a small amount of H 2 O was added into PbI 2 in DMF solution to make a homogenous precursor solution, giving rise to high-quality PbI 2 fi lm with full surface coverage. [ 83 ] Based on such PbI 2 fi lm, the resulting MAPbI 3 perovskite fi lm was highly pure, smooth and very dense even without any pinhole.
Moreover, the use of MAI additive in the fi rst step of sequential deposition can affect the morphology of PbI 2 raw fi lm and hence fi nal MAPbI 3 fi lm. [ 84, 85 ] Upon MAI addition, the volume of PbI 2 pre-expanded and crystallinity reduced, which favored the complete conversion to MAPbI 3 in the second step. [ 85 ] Later, Zhao et al. further developed a three-step sequential solution process to prepare PbI 2 -free CH 3 NH 3 PbI 3 perovskite fi lms by adding MACl additive in PbI 2 precursor solution. [ 86 ] A thermally unstable fi lm made of stoichiometric PbI 2 + CH 3 NH 3 Cl precursors was fi rst deposited, followed by thermal decomposition, giving rise to PbI 2 . This way accelerated the conversion of PbI 2 to CH 3 NH 3 PbI 3 without any traceable PbI 2 residues when dipping into CH 3 NH 3 I solution, thus improving the device performance. Table 1 summarizes all above-mentioned additives and their corresponding perovskite systems. It has been manifested that chlorides including HCl, NH 4 Cl, MACl, FACl, TPPCl and 4-ABPACl play an imaportant role in the formation of highly uniform fi lm, although the question whether the chloride ions enter into perovskite crystal lattices is still under hot debate. Moreover, given the use of HI, MAI, EAI, TPPI, 1,4-DIB, 1,10-DID and DIO, it seems reasonable that iodide ion, to some extent, aids to form high-quality perovskite fi lm. All these results indicate that I − and Cl − anions may chelate to Pb 2+ cations and alter the kinetic of perovskite crystallization. Moreover, the volatility of additives should been taken into account for their selection, as seen from the examples of NH 4 Cl, CaCl 2 , MACl, and FACl. Lastly, in addition to DIO and CN, other additives that are used in OPVs can be employed to regulate the crystallization of perovskites.
Thermal Annealing
Thermal annealing is required for most of the above-mentioned deposition techniques to remove residual solvents or additives www.MaterialsViews.com www.advancedscience.com and hence crystallize perovskites in thin fi lm. Arguably, thermal annealing process is found to critically impact fi lm formation of perovskites and thus their photovoltaic performance.
Thermal annealing can induce chemical and structural changes in the perovskite layer. An interesting work was done by Wiesner et al. showing that solution-processed perovskite fi lms underwent the evolutions between three distinct crystalline structures during thermal annealing-a crystalline precursor structure not described previously, a 3D perovskite structure, and a mixture of compounds resulting from degradation. [ 87 ] Crystalline precursors went through a solid-solid phase transformation to the 3D perovskite structure at 80 °C. This transition was consistent with Ostwald′s 'Rule of Stages' in which a metastable precursor is fi rst formed and then transformed into the more stable product. In another study, it was shown that the ratio between the MA and FA cations might change in a mixed fi lm of MAPbI 3 and FAPbI 3 during thermal annealing process, which affected both band gap and stability of the layers. [ 88 ] Niwano and colleagues later found that upon thermal annealing, both CH 3 NH 3 PbCl 3 and CH 3 NH 3 PbI 3 crystals in mixed-halide perovskite layer were initially formed from an amorphous phase. [ 89 ] Such amorphous phase and MAPbCl 3 crystals served as ions supply for the growth of MAPbI 3 crystals when the MA and chloride ions were evaporated from the mixed-halide perovskite layer, resulting in a thin layer composed of large MAPbI 3 grains.
Annealing temperature is of prime importance in the perovskite fi lm formation. In an early attempt, the Grätzel group investigated its effect on fi lm morphology and composition, and then correlated it with photovoltaic performance and working mechanisms of device. [ 90 ] It was found that annealing temperature of 80 °C was required to fully form CH 3 NH 3 PbI 3 perovskites. On the one hand, lower temperature led to the removal of solvent yet incomplete conversion of CH 3 NH 3 PbI 3 crystals, suggesting that the reaction between PbCl 2 to and CH 3 NH 3 I was endothermic. On the other hand, too high temperature led to the formation of PbI 2 , which was detrimental to device performance. The optimal annealing temperature was thus determined in the range of 80−100 °C, giving rise to the fi lm morphology consisting of interconnected network of perovskite crystallites without additional PbI 2 , which showed the best device performance.
Later, the Snaith group found that a rapid annealing at 130 °C induced the growth of micron-sized perovskite crystal domains while a long yet moderate annealing at 100 °C resulted in polycrystalline domains with size of 100−1000 nm. [ 91 ] However, these two thermal processing protocols had different infl uences on photovoltaic performances of MSSC and PHJ architectures. For the MSSC devices, the 100 °C annealed samples performed better than 130 °C annealed ones because of their higher perovskite surface coverage. Conversely, for PHJ cells, the 130 °C annealed samples outperformed the 100 °C treated counterparts due to their highly textured morphology. This work highlighted that simultaneous control of macroscopic morphology and crystalline domain size was of capital importance in thermal annealing.
In addition to annealing temperature, thermal annealing time was found to have great impacts on fi lm morphology of perovskites. [ 92 ] A thermal annealing at 105 °C for 15 min was effi cient enough to drive the formation of phase-pure perovskites. When thermal annealing time prolonged to 2 h, the crystallization and gain size of perovskites were increased without losing fi lm continuity or coverage, thus leading to remarkably enhanced charge mobility and signifi cantly increased fi ll factor (FF) and shortcircuit current density ( J sc ). However, a longer time annealing of 3 h led to perovskite decomposition to PbI 2 phase.
In order to avoid poor fi lm morphology caused by fast evaporation of solvent and decomposition of perovskite, a controllable scheme of gradual annealing at low temperature was utilized to replace traditional isothermal annealing method. [ 93 ] In this scheme, annealing temperature was increased gradually from a low temperature value, which favored the formation of highly crystalline perovskite fi lms with homogenous surface coverage and micrometer-level diffusion lengths. A PCE of 15% was reached for a planar perovskite solar cell fabricated from the optimal gradual annealing process. Such a stepwise ramp annealing was also found to be correlated with solvent evaporation rate, which was particularly critical for the nucleation and growth in order to yield high surface coverage. [ 94 ] Recently, a hot-casting technique was developed as a useful means of thermal treatment to grow dense perovskite fi lms with millimeter-scale grains. [ 95 ] In this method, a hot solution (≈70 °C) of perovskite precursor was spin-casted onto substrate with a stable temperature of 180 °C. Such a high temperature provided enough thermal energy for the growth of perovskite crystals to follow a Volmer−Weber mode. [ 96 ] The precursor solution was fi rst solidifi ed and then transformed into pure crystalline perovskite fi lms with no intermediate phase in a few seconds, which circumvented additional thermal annealing. Planar solar cells based on such hot-casted perovskite fi lms showed HI One-step, FAPbI 3 [ 78 ] two-step, MAPbI 3 [ 83 ] One-step, CsPbI 3 [ 79 ] HCl one-step and two-step MAPbI 3 [ 81, 82 ] One-step, MAPbI 3 [ 80 ] One a PCE of 18% with no hysteresis, attributable to reduced bulk defects and improved charge carrier mobility in large grains.
Solvent Annealing
Complementary to thermal-annealing, solvent annealing where solvent vapor is introduced during the perovskite crystallization was found to be an effective method of increasing grain size and crystallinity of perovskites. DMF (the most commonly used solvent for perovskite) vapor annealing enables to solubilize the solid fi lm, which allows for the precursor ions or molecules to diffuse a longer distance than thermal annealing. For instance, the Huang group fabricated solvent-annealed MAPbI 3 fi lm with an average grain size of increased up to 1 µm, which is comparable to the fi lm thickness, largely exceeding the maximum grain size (≈260 nm) in thermally annealed fi lms. [ 97 ] Moreover, the solvent annealed fi lm exhibited dramatically reduced trap density, increased charge recombination lifetime, decreased charge extraction time, and increased carrier diffusion length, all of which signifi cantly enhanced the device performance. Besides DMF, vapor annealing under DMSO solvent or DMF/chlorobenzene mixed solvents has proved effective in improving perovskite crystallization for high performance solar cells. [ 98, 99 ] By combining solvent annealing and thermal annealing, high-quality perovskite fi lm was controllably obtained by Feng et al. [ 100 ] Solvent annealing in DMF vapor was fi rst applied to promote migration and interdiffusion of the solvent-assisted precursor ions and molecules, which resulted in large-sized grain growth. The subsequent thermal annealing further improved fi lm crystallization and morphology. Perovskite fi lms fabricated from such two-step annealing process exhibited high uniformity, large grain size up to 1.1 µm, and highly preferred growth orientation along the (110) direction, collectively yielding an signifi cantly enhanced PCE of 14%. Such two-step solvent-thermal annealing method offers a facile and effective strategy to obtain high-quality perovskite fi lm.
Atmospheric Effects
Organometal halide perovskites are susceptible to the environment and therefore an appropriate control of atmosphere including oxygen and moisture can facilitate its crystallization. Thermal annealing in O 2 was found to substantially increase PCE, which can be explained by the fact that O 2 diffusion can help reduce defect density at the grain boundaries and within the bulk of perovskites. [ 101, 102 ] In addition, if the hole transporting layer is spiro-MeOTAD, O 2 treatment would cause p-type doping and thus increase its electrical conductivity.
Moisture-assisted crystal growth has demonstrated as an effective way to improve the fi lm quality, grain size, carrier mobility, and lifetime of perovskites. [ 103 ] Owing to the high hydrophilicity of CH 3 NH 3 I, an exposure to moderate moisture of relative humidity (RH = 35 ± 5%) would cause the perovskite grain boundary to creep and subsequently merge adjacent grains, generating larger crystal grains. Meanwhile, perovskite underwent recrystallization, which enlarged the diffusion length and yielded better quality of perovskite fi lm.
More recently, Zou et al. reported that spin-coating under low RH, accompanied by thermal annealing under high RH, were benefi cial for increasing perovskite crystallinity and improving device performance. [ 104 ] At the spin-coating stage, low RH led to the formation of high nucleation density, leading to in-plane layer growth and hence high coverage of perovskite fi lms. Yet at the subsequent thermal annealing stage, the modest supersaturation induced by high RH benefi ted the formation of perovskite fi lms with good crystallinity. Most recently, it was found that hydrated perovskite crystalline phases formed during its exposure to water vapor at room temperature. [ 105 ] This hydration process was reversible in the absense of condensed water.
In another study, both oxygen and moisture were found to greatly affect the luminescent properties of perovskites. [ 106 ] The infl uence of oxygen was predominant during the photo-activation process while moisture played a leading role in the photodarkening process. Oxide and hydrate species which resulted from the reactions between photogenerated carriers and atmosphere were likely the main reason for the observed phenomena.
Very recently, it was demonstrated that perovskite fi lms prepared by ambient annealing exhibited comparable solar cell performance to those annealed in dry N 2 . [ 107, 108 ] The formation of MAPbCl 3 phase was inhibited when annealing in air with RH of 50%, which favored MAPbI 3 crystallization. As a result, thermal annealing in air led to a signifi cant increase of both crystallinity and crystal size of CH 3 NH 3 PbI 3 as compared to that in nitrogen. [ 109 ] 
Solvent Engineering
Solvent engineering technique has proved as a simple yet effective means for realizing high-performance perovskite solar cells. Generally, DMF, DMSO, GBL, and N -methyl-2-pyrrolidone (NMP) are good solvents for lead halides and MAI while chlorobenzene, benzene, xylene, toluene, 2-propanol, and chloroform are poor solvents for perovskites. Thus, the most commonly used solvent-engineering strategy is the utilization of either mixed solvents or/and anti-solvents, which leads to favorable perovskite fi lm morphology. [ 110, 111 ] For instance, extremely uniform and dense CH 3 NH 3 Pb (I 1− x Br x ) 3 perovskite layers with grain sizes in the range of 100−500 nm were obtained by using a mixed solvent of GBL and DMSO, followed by drop-casting of toluene during spincoating process. [ 112 ] It is thus plausible that the formation of a stable MAI(Br)-PbI 2 -DMSO phase via an intercalation process played a vital role in impeding the reaction between MAI(Br) and PbI(Br) 2 .
As another example, a fast-deposition crystallization (FDC) procedure was developed to yield highly uniform perovskite fi lm consisting of micro-sized crystals, as illustrated in Figure 5 a. [ 113 ] In this process, a DMF solution of CH 3 NH 3 PbI 3 was fi rst spin-coated on the substrate, immediately followed by exposure to a second solvent, which is usually poor solvent for perovskites, such as chlorobenzene. An instant darking of the fi lm was observed, indicating the fast crystallization of perovskite in FDC. This phenonmenon can be attributed to rapidly reduced solubility of CH 3 NH 3 PbI 3 and thus fast nucleation and growth of CH 3 NH 3 PbI 3 upon the drop of second solvent.
REVIEW
As displayed in Figure 5 b,c, perovskite fi lm fabricated by FDC yielded micron-sized grains and full surface coverage. In contrast, conventional spin-coating process leaves wet fi lm to dry slowly and hence a shiny-gray fi lm of perovskite was obtained. Subsequent thermal annealing at 100 °C for 10 min is required to remove residual solvent and further promote crystallization. This fi lm however exhibited large rod-like grains with an incomplete coverage ( Figure 5 d,e) .
Very recently, Zhou et al. proposed solvent-solvent extraction concept for room-temperature processing of high-quality perovskite thin fi lms. [ 114 ] After spin-coating of perovskite precursor solution in a high-boiling-point solvent (e.g., NMP), the wet fi lm was immediately immersed in a bath of diethylether, a low-boiling-point solvent. This way effi ciently extracted NMP solvent and meanwhile induced a rapid crystallization of ultrasmooth perovskite fi lms.
Perovskite Single Crystals
Shape Evolution
Besides polycrystalline thin fi lms, single crystals are another main form of perovskites. It is known that the crystal lattices of single crystals are continuous and unbroken. Importantly, there are no grain boundaries in perovskite single crystals, resulting in fewer defects than polycrystalline analogues. Moreover, this monocrystalline nature imparts them with unique optical and electrical properties, which depends on the size and shape of crystallites. Therefore, a good understanding and fi ne control of single crystal growth of perovskites could further boost their optoelectronic performance. In the following discussion, we will summarize shape evolution of perovskite single crystals ranging from 3D large sized single crystals, 2D nanoplates and 1D nanowires to zero-dimensional (0D) quantum dots. In particular, their growth mechanisms are unraveled with a focus on the correlation between their crystallographic structures and optoelectronic characteristics.
3D Large-Sized Single Crystals
Recently, large-size perovskite single crystals have drawn intensive interest owing to their remarkably lower trap densities, higher charge mobilities and longer carrier diffusion lengths than their polycrystalline thin fi lm counterparts. [ 115, 116 ] It was therefore projected that perovskite single crystals hold huge potential to further boost the PCE up to 25% in solar cells. [ 30 ] In order to gain a deep insight into fundamental properties of perovskites, it is of prime importance to generate phase-pure single crystals.
By far, the most common cultivation methods of producing 3D large-sized perovskite single crystals include antisolvent vapor-assisted crystallization, seed solution-growth method, cooling-induced crystallization and solvothermal growth. Figure 6 shows schematic diagrams of these typical growth methods and photographs of their corresponding as-grown single crystals. For instance, growth of millimeter-sized crackfree CH 3 NH 3 PbX 3 single crystals were achieved by using an antisolvent vapor-assisted crystallization method, in which dichloromethane was slowly diffused into CH 3 NH 3 PbX 3 precursor solution in DMF (Figure 6 a) . [ 115 ] These high-quality single crystals exhibited exceptionally low trap-state densities of ≈10 9 −10 10 cm −3 and incredibly long charge carrier diffusion lengths exceeding 10 µm.
In a recent report, the Huang group grew millimeter-sized CH 3 NH 3 PbI 3 single crystals from a supersaturated solution by using a top-seeded solution-growth method with a temperature gradient. [ 116 ] As shown in Figure 6 b, small-sized single crystals served as ions supply for a saturated solution in the bottom of container. Meanwhile, the cooler top-half solution was supersaturated to produce large-sized single crystals. The small temperature difference between the bottom and top solutions provided suffi cient driving force for the growth of large crystals. Interestingly, the diffusion length of CH 3 NH 3 PbI 3 single crystals exceeded 175 µm under 1 sun light illumination and even surpassed 3 mm under 0.003% sun irradiation, which arised from higher carrier mobility, longer lifetime and largely suppressed trap densities in single crystals than those of polycrystalline thin fi lms. More intriguingly, the internal quantum effi ciencies (IQEs) of 3 mm-thick single crystal approached 100% under weak light. The same group later successfully utilized single crystals as the photoactive materials in photodetectors, which possessed very narrow band photodetection. [ 121 ] Single-and mixed-halide perovskite single crystals with different Cl/Br and Br/I precursor ratios were thus implemented by cooling-induced crystallization method. Photographs of these single crystals are presented in Figure 7 a. For MAPbBr 3− x Cl x single crystals, the color gradually varied from transparent to yellow and fi nally to orange when molar ratio of Br/(Cl + Br) increased from 0 to 1 in the precursor solution. For MAPbI 3− x Br x single crystals, on the other hand, the color progressively changed from orange to red with increasing molar ratio of I/(I + Br). Photodetectors based on these single crystals were constructed as shown in Figure 7 b. The thickness of the single crystals in these devices was about 1 mm. Thin layers of Au and Ga were used as the semi-transparent anode and cathode, respectively. Under light illumination, free electrons and holes were generated near the Au electrode, and then drifted across the single crystals towards the Ga and the Au, respectively, under the applied electric fi eld. Output photocurrent was fi nally generated after the collection of these electrons and holes. Figure 7 c shows the normalized external quantum effi ciency (EQE) spectra of these perovskite single-crystal photodetectors. The response spectrum can be continuously tuned from blue to red by varying the halide composition in single crystals. All the devices exhibited a single narrow peak, which was distinct from the wide spectra observed in the thin-fi lm perovskite photodetectors. Moreover, the full-width at half-maximums (FWHMs) of single-crystal photodecttors were very narrow (less than 20 nm), holding good prospect for applications such as selected-wavelength imaging, fl ame detection and so on. Tetragonal CH 3 NH 3 PbI 3 single crystals with dimensions of 10 mm × 10 mm × 8 mm were grown by a cooling-induced crystallization method in HI solution. [ 117 ] A decrease of temperature from 65 to 40 °C caused a saturation of the solute and hence the growth of CH 3 NH 3 PbI 3 crystals (Figure 6 c) Figure 6 . Schematic of growth methods of large-sized single crystals and the corresponding photographs of as-grown single crystals. The color of black refers to MAPbI 3 , red MAPbBr 3 and white MAPbCl 3 . a) Antisolvent vapor-assisted crystallization method. Adapted with permission. [ 115 ] Copyright 2015, American Association for the Advancement of Science. b) Top-seeded solution-growth method. Adapted with permission. [ 116 ] Copyright 2015, American Association for the Advancement of Science. c) Cooling-induced crystallization method. Adapted with permission. [ 117 ] Copyright 2015, Royal Society of Chemistry. d) Inverse temperature crystallization apparatus. Left part: Adapted with permission. [ 118 ] Copyright 2015, Nature Publishing Group. Right part: Adapted with permission. [ 119 ] Copyright 2015, American Chemical Society. e) Repeated seed-solution growth method. Adapted with permission. [ 120 ] Copyright 2015, Wiley-VCH.
The Cl/Br ratio in single crystals is larger than that of pristine precursor solution, unveiling an unusual mechanism of crystal growth. It was also suggested that Cl and Br exhibited different affi nities of forming CH 3 NH 3 Pb(Br 1− x Cl x ) 3 single crystals. Moreover, with the increase of Cl content, the band gap of single crystals increased while the unit cell dimensions decreased. It was also found that the formation of CH 3 NH 3 PbBr 3 single crystals did not result from the evaporation of DMF, which was different from that using other crystal growth methods. Thus, crystallization of CH 3 NH 3 PbBr 3 in DMF could be an endothermic reaction. Later, Chang and co-workers grew CH 3 NH 3 PbBr 3 single crystals with a size of 14 × 14 mm by using a simple single-solution fabrication method. [ 123 ] It is interesting to note that a large change of surface potential by 200 mV was observed in CH 3 NH 3 PbBr 3 single crystals, which was presumably caused by the lightenhanced 'polarization effect' in CH 3 NH 3 PbBr 3 lattices. However, the above solution crystallization processes for perovskite single crystals were subject to slow growth rate. Thus, the Bakr group developed a rapid crystal growth approach-inverse temperature crystallization (ITC)-to obtain CH 3 NH 3 PbX 3 single crystals with size and shape controllability at a rate that was an order of magnitude faster than that using the previously reported growth methods. [ 118 ] DMF and GBL were chosen for ITC growth of MAPbBr 3 and MAPbI 3 single crystals, respectively, due to their substantial drop of solubility in the corresponding solvents with increasing temperature. As shown in Figure 6 d, by setting a high temperature of the heating bath, single crystals quickly participated out. Despite their fast growth rates, both MAPbBr 3 and MAPbI 3 single crystals exhibited charge transport characteristics comparable to those grown by conventional techniques of cooling or antisolvent vapor-assisted crystallization. The same group later applied ITC method to grow sizable CH 3 NH 3 PbCl 3 single crystals through judicious selection of DMSO−DMF co-solution. [ 119 ] The grown CH 3 NH 3 PbCl 3 crystals displayed a sharp absorption edge at 435 nm and a strong photoluminescence (PL) peak at 440 nm, making them attractive candidates for visible-blind UV photodetector applications. Such ITC method also led to the successful growth of FAPbX 3 single crystals. [ 124 ] By combining the above cooling solution and ICT methods, a large 5 mm-sized FAPbI 3 single crystal was obtained, which exhibted a long carrier lifetime of 484 ns, a high carrier mobility of 4.4 cm 2 V −1 s − 1 , and a conductivity of 1.1 × 10 −7 (Ω cm) −1 . [ 125 ] Interestingly, two-inch-sized CH 3 NH 3 Pb X 3 ( X = Cl, Br, I) crystals were grown from a repeated seed-solution growth method. [ 120 ] As displayed in Figure 6 e, small particulates in 2 mm-diameter were fi rst selected as seed crystals in percursor solution at 100 °C for the growth of larger crystals. The obtained large crystal was further used as the new seed. By repeating these steps, the largest crystal can even reach a size of 71 mm × 54 mm × 39 mm. CH 3 NH 3 PbBr 3 and CH 3 NH 3 PbI 3 single crystals possessed a low trap density of 10 9 −10 10 cm −3 , a high carrier mobility of 4.36−34 cm 2 V −1 s −1 and good thermal stability, holding strong promise for high-performance optoelectronic applications. In addition, it was found that CH 3 NH 3 PbCl 3 single crystals displayed a PL emission at 402 nm.
Large-size perovskite single crystals are an excellent platform to carry out foundamental studies of intrinsic photophysics due to the elimination of grain boundary scatterings. [126] [127] [128] [129] For instance, surface recombination dynamics in CH 3 NH 3 PbBr 3 single crystals were investigated by using broadband transient refl ectance (TR) spectroscopy. [ 130 ] In the TR measurement, refl ectance ( R ) can be modulated by optical excitation of the perovskite single crystal while near the bandgap the relative refl ectance change (᭝ R / R ) was recorded by a white-light continuum. Figure 8 displays such excitation energy dependent TR kinetics and carrier density distribution profi les. Figure 8 a shows a linear relationship between ᭝ R / R and the excitation energy, suggesting that TR kinetics followed the total carrier dynamics in the effective detecting region. One dimensional diffusion model was used to understand the relationship between carrier density and surface recombination. By a nonlinear global fi tting routine and simultaneous calculation, the ambipolar mobility was estimated as 10.8 cm 2 V −1 s −1 via the Einstein relation, which is much larger than that obtained for perovskite polycrystalline fi lms. Moreover, the surface recombination velocity of CH 3 NH 3 PbBr 3 single crystals was determined as 3.4 ± 0.1 × 10 3 cm s −1 , which was 2−3 orders of magnitude lower than traditional semiconductors. In order to eliminate negative effects of such surface recombination, grain size of perovskite thin fi lms should be larger than 30 mm. Figure 8 b presents normalized carrier density distribution profi les for 2.48 eV pump in the single crystal. It was uncovered that the carrier density decreased near the surface and increased in the bulk, which could be attributed to the diffusion effect. Carrier distribution was nearly uniform in the effective detecting depth of 18 nm, confi rming that the effect of carrier density on Δ R / R can be safely approximated by the surface density, as indicated form the insets. Furthermore, transient multi-THz spectroscopy revealed a low binding energy of 17 meV and remarkably high carrier mobilities of 800 cm 2 V −1 s −1 on subpicosecond time scales in CH 3 NH 3 PbI 3 single crystals. [ 131 ] It is generally believed that CH 3 NH 3 PbI 3 undergoes multiple phase transitions as a function of temperature, [ 1 ] as shown in Scheme 1 .
In order to better understand these structures, a temperature variable 1 H and 13 C magic angle spinning nuclear magnetic resonance (MAS-NMR) study of perovskite single crystals was conducted. [ 132 ] The 1 H and 13 C NMR spectra showed that CH 3 NH 3 + units underwent dynamic reorientation because the organic components tumbled in the perovskite cages formed by the PbI 6 octahedral. In addition, only the amine end of the MA group interacted with the inorganic network. It is interesting to note that high-temperature phase transition of CH 3 NH 3 PbI 3 would lead to a large reduction in resistivity, which was desirable for high-temperature applications. Recently, Grancini et al. revealed that the surface of CH 3 NH 3 PbI 3 single crystals was structurally inhomogeneous. [ 133 ] The edge surface exhibited a larger band gap and shorter carrier recombination dynamics than the center. This phenomenon was caused by the local distortion of crystal lattice at the crystal edges upon humidity exposure.
2D Nanoplates
Aside from 3D large-sized single crystals, 2D perovskites such as nanosheets, nanoplatelets and microdisks have recently been shown to exhibit high PL quantum yield. [134] [135] [136] These 2D perovskites are promising candidates for a variety of applications in nanoelectronics, nanophotonics, and photovoltaics. Furthermore, these nanoscale building blocks can be empolyed in both fundamental studies. [ 137, 138 ] For instance, Zhao et al. prepared MAPbI 2 Br nanosheets with a 1.8 eV band gap through a thermal decomposition process from a precursor containing PbI 2 , MABr and MACl. [ 64 ] The planar solar cell based on the compact layer of MAPbI 2 Br nanosheets exhibited a PCE of ≈10%.
As another example, the Xiong group successfully grew welldefi ned polygonal CH 3 NH 3 Pb X 3 ( X = Cl, Br, I) nanoplatelets by chemical vapor method. [ 139 ] As shown in Figure 9 a, Pb X 2 platelets were fi rst prepared on muscovite mica using van der Waals epitaxy in a vapor transport chemical deposition system. Next, these Pb X 2 platelets were placed downstream in a quartz tube, which was in vacuum with an inert carrier gas such as nitrogen or argon. With the temperature of tube furnace increasing to 120 °C, MAX was vaporized to initiate a gas-solid hetero-phase reaction with Pb X 2 to convert into perovskites. Figure 9 b,c shows the crystal structure of Pb X 2 and CH 3 NH 3 Pb X 3 . Pb X 2 forms a layered structure with each octahedron sharing two equatorial halide atoms with its neighbors in the same layer, and one axial halide atom with its neighbors from different layers. In contrast, CH 3 NH 3 Pb X 3 adopts a 3D network structure because each octahedron shares only one halide atom with its neighbors either in the same layer or in a different layer. The lattice constant c ratio of the two compounds was about 1.81, which was originated from the insertion of a methyl ammonium group in the center of eight octahedrons and the relocation of the equatorial halide atoms in CH 3 NH 3 Pb X 3 . Interestingly, the thickness of PbI 2 correlated with CH 3 NH 3 PbI 3 platelets by a factor of 1.81 ( Figure 9 d) , which was in good agreement with above mentioned lattice constant ratio along the c axis. This work offers a reliable method to control the thickness of perovskite platelets. Later, the same group readily applied these perovskite nanoplatelets to fabricate near-infrared solid-state lasers, which exhibited low thresholds and wide mode-tunability. [ 140 ] Recently, Liao et al. fabricated single-crystalline CH 3 NH 3 PbBr 3 square mirodisks (MDs) based microlasers by using a one-step solution self-assembly method. [ 141 ] This approach was similiar to antisolvent vapor-assisted crystallization method and used to produce large-size single crystals. [ 115 ] The acquired square MDs had smooth outer surfaces and sharp edges, and displayed an absorption peak at 535 nm and a emission peak at 545 nm. Their four side-faces constituted a built-in whispering-gallery mode microresonator with a quality factor as high as ≈430. By partial replacement of Br with Cl, the lasing wavelength can be effectively tuned in the green-light range from 525 to 557 nm.
In a more recent study, 2D MAPbBr 3 nanoplatelets with nearly single unit cell thickness and submicron lateral dimensions were prepared from colloidal synthesis method. [ 142 ] These 2D nanoplatelets exhibited a single and sharp excitonic absorption feature at 431 nm, which blue-shifted by 0.5 eV from that of the 3D bulk perovskite phase. This large blue-shift showed a clear evidence of quantum confi nement in one dimension. Similar colloidal synthetic method was used to grow CsPbBr 3 nanoplatelets, which exhibited narrow PL and strong excitionic absorption. [ 143 ] In a very recent report, Jang et al. synthesized MAPbBr 3 nanoplates using octylamine as the capping ligand. [ 144 ] The composition of nanoplates was tunable by simple halide exchange reaction of MAPbBr 3 with MACl and MAI in IPA. Photodetectors based on these MAPbBr 3− x Cl x and MAPbBr 3− x I x nanoplates were fabricated, in which mixed halide perovskites with I-rich composition ( x = 2) exhibited the highest photocurrents. Most recently, Yang et al. reported the solution growth of atomically thin, uniform, and square shaped 2D hybrid perovskites of (C 4 H 9 NH 3 ) 2 PbBr 4 . [ 145 ] Different than conventional 2D materials, (C 4 H 9 NH 3 ) 2 PbBr 4 sheet exhibited an unusual lattice constant expansion, which led to a slightly shifted band edge emission relative to the bulky counterpart. These 2D crystals also displayed high PL quantum effi ciency and color tunability through halide substitution and thickness variation.
Of an interesting note, perovskite nanosheets were surprisingly obtained from electrospraying the precursor solution into a mixed bath of toluene (as antisolvent) and oleylamine (for intercalation). [ 146 ] Recently, single crystals of CH 3 NH 3 PbI 3 nanoplates with well-defi ned facets were grown in the solution via a dissolution-recrystallization path from PbI 2 (or PbAc 2 ) fi lms Figure 9 . Conversion of lead halide nanoplatelets to perovskites by gas-solid heterophase reaction with methyl ammonium halide. a) Schematic of the synthesis setup using a home-built vapor-transport system. Crystal structure of b) lead halide and c) lead halide perovskite CH 3 NH 3 PbX 3 . d) Thickness of PbI 2 platelets before (images above data line) and after being converted to CH 3 NH 3 PbI 3 (images below data line). Note that the color of the PbI 2 platelets changed corresponding to the change in thickness (as measured by AFM). a-d) Reproduced with permission. [ 139 ] Copyright 2014, Wiley-VCH.
coated on substrate. [ 147 ] This method also yielded CH 3 NH 3 PbI 3 nanowires. These 1D and 2D perovskite nanostructures displayed strong room-temperature PL and long carrier lifetime. Moreover, surface photovoltage measurements indicated their n-type characteristic.
1D Nanowires
1D nanostructured semiconducting materials including fi bers, wires, rods and tubes have manifested to exhibit excellent performance in nanoelectronics, photoelectronics, and data storages because of their anisotropic geometry and small size effect. It is thus anticipated that 1D organolead trihalide perovskites would show more intriguing features than their bulk counterparts by integrating various advantages of perovskites and 1D materials. The 1D perovskite nanostructures can be attained by both physical and chemical methods. For example, CH 3 NH 3 PbI 3 nanowires were prepared through a simple slip-coating method, yielding a mean diameter of 50−400 nm and a length up to 10 µm. [ 148 ] Such anisotropic perovskite nanowires outperformed nanoparticles in terms of charge transport under illumination. In a later study, Zhu and co-workers synthesized MAPb X 3 ( X = I, Br) nanowires and nanorods by adding Pb X 2 and MAX precursor solutions in polar solvents (e.g., CH 3 CN, GBL, DMF) to a nonpolar crashing solvents (e.g., toluene), assisted by a cation capping agent (e.g., n -octylammonium). [ 149 ] By varying the initial addtion rate and concentration of precursor as well as capping ligands, perovskite crytsals with different morphologies were also obtained from bulk, plates to dots.
Recently, 1D perovskite nanostructures began to appear in a wide range of applications. The Park group demonstrated the application of CH 3 NH 3 PbI 3 nanowires for solar cells. [ 150 ] By addition of a small quantity of DMF in the second step of two-step spin-coating procedure, CH 3 NH 3 PbI 3 nanowires with the mean diameter of 100 nm were successfully grown. These nanowires had improved hole injection from perovskite to spiro-MeOTAD and increased lateral conductivity compared to the 3D nanocuboid crystal, resulting in a PCE of 14.71%.
In addition, perovskite nanowires have been utilized in photodetectors. For instance, Zhang et al. synthesized porous CH 3 NH 3 PbBr 3 nanowires through a self-template directed reaction of Pb-containing nanowires with HBr and CH 3 NH 3 Br in solution at room temperature. [ 151 ] Photodetectors based on these porous nanowires exhibited high stability and sensitivity because of their unique porous 1D geometry. Later, Horváth et al. improved photodetector performance by constructing hybrid phototransistors, which consisted of slip-coated CH 3 NH 3 PbI 3 nanowires and CVD-grown monolayered graphenes. [ 152 ] These devices displayed remarkably high responsivities of 2.6 × 10 6 A W −1 in the visible range. Moreover, perovskite nanowires were introduced as ideal building blocks for laser applications. For example, Zhu and colleagues fabricated perovskite nanowire lasers with very low lasing threshold of 220 nJ cm −2 , high quality factor of 3,600, near-unity quantum yield (QY) and importantly broad tunability covering the near-infrared to visible wavelength region. [ 11, 153 ] In their work, well-dispersed perovskite nanowires were grown by contacting a PbAc 2 thin fi lm with a high concentration of CH 3 NH 3 X solution in IPA. These nanowires were transferred to Si/SiO 2 substrate by a simple dry contact process, as shown in Figure 10 a, and then optically pumped by a 402 nm pulsed laser beam under a far-fi eld epi-fl uorescence microscope at room temperature in a dry N 2 atmosphere. As a result, single-crystal CH 3 NH 3 PbBr 3 nanowires exhibited efficient lasing in the green spectral region (Figure 10 b) . Such exceptional lasing performance is believed to originate from long carrier lifetime and low non-radiative recombination rates of rectangular perovskite nanowires in cross-section. Simply by changing the ratio of methylammonium iodide and bromide or bromide and chloride in the precursor solution, MAPbBr x I 3− x and MAPbCl x Br 3− x nanowires with various stoichiometries can be obtained. Importantly, this enabled broad wavelength tunability covering the near-infrared to visible region (Figure 10 c) . As another example, Xing et al. prepared free-standing perovskite nanowires through vapor-phase synthesis. [ 154 ] These perovskite nanowires constituted a built-in Fabry−Pé rot microresonator, leading to low-threshold optically pumped lasing with a near-infrared wavelength of 777 nm and a quality factor as high as 405.
More recently, 1D perovskite nanorods found applications in light-emitting diode (LED). [ 155 ] The growth of CH 3 NH 3 PbBr 3 nanorod array was fulfi lled by placing PbAc 2 thin fi lm into a solution of CH 3 NH 3 Br in IPA, similar to Zhu's report. [ 11 ] These CH 3 NH 3 PbBr 3 nanorods were directly converted into CH 3 NH 3 PbI 3 nanorods via anion exchange. Both nanorod arrays exhibited the electroluminescence at 533 and 782 nm, respectively.
0D Quantum Dots
Semiconductor quantum dots (QDs) have received exponentially increasing attention due to their unique opto-electronic properties, such as size tunable absorption and bandgap, high optical extinction coeffi cient and multiple exciton generation characteristics. Perovskites QDs are expected to exhibit interesting nanoscale excitonic properties and also hold other potential applications in transistors, diode lasers, LEDs, and fl uorescent biomedical imaging.
The photovoltaic applications of CH 3 NH 3 Pb X 3 perovskite nanoparticles were fi rst explored by Miyasaka et al. in 2009. [ 5 ] Perovskite nanoparticles were deposited on the surface of mesoporous TiO 2 by a self-organization process. Later, the Park group fabricated 6.54% effi cient QD-sensitized solar cell with 2−3 nm sized CH 3 NH 3 PbI 3 nanocrystals adhered on nanocrystalline TiO 2 surface. [ 156 ] Aside from the above-mentioned mesoporous metal oxides confi ned perovskite particles, the Pérez-Prieto group obtained free and nanometer-sized CH 3 NH 3 PbBr 3 nanoparticles as stable colloidal solutions. [ 157 ] The key is to use an ammonium bromide with a medium-sized chain in the reaction of CH 3 NH 3 Br with PbBr 2 in the presence of oleic acid and octadecene. The ammonium ions acted as capping ligands, which limited the growth of CH 3 NH 3 PbBr 3 toward three dimensions. Both the colloidal solution and thin fi lm exhibited a high QY of ca. 20% with a narrow emission band. The same group furthur enhanced the QY to 83% by fi ne-tuning of the molar ratio of precursors and ligands. [ 158 ] Recently, Zhang et al. developed a ligand-assisted reprecipitation (LARP) technique to produce brightly luminescent and color-tunable colloidal CH 3 NH 3 Pb X 3 ( X = Br, I, Cl) QDs with QYs up to 50−70%. [ 159 ] Figure 11 schematically illustrates such a LARP fabrication process. Figure 11 a exemplifi es a typical synthesis of CH 3 NH 3 PbBr 3 QDs, in which a precursor solution was prepared by mixing PbBr 2 , CH 3 NH 3 Br, n -octylamine, and oleic acid in DMF. Free-standing layered precursors were then formed in DMF (Figure 11 b) 1-9 ) under ambient light and a 365 nm UV lamp. e) PL emission spectra of CH 3 NH 3 PbX 3 QDs. f) CIE color coordinates corresponding to the CH 3 NH 3 PbX 3 QDs (No. 1-9, black circle), pc-WLED devices (blue lines), and NTSC standard (bright area). a-f) Adapted with permission. [ 159 ] Copyright 2015, American Chemical Society.
small-sized nanoparticles (Figure 11 c) . By varying the composition of cations, the absorption and emission spectra were fi nely tuned from 407 to 734 nm (Figure 11 d,e) . Figure 11 f is the commission international de L'Eclarage (CIE) chromaticity diagram of these QDs, which exhibited high color saturation due to their relative narrow emissions. Finally, wide-color gamut white-light-emitting diodes were fabricated based on green emissive CH 3 NH 3 PbBr 3 QDs and red emissive K 2 SiF 6 :Mn 4 þ as color converters.
In another study, CH 3 NH 3 PbBr 3 QDs with impressively high absolute QY of 74−93% were synthesized by a facile ligand-assisted reprecipitation technique. [ 160 ] Such high QY was attributed to both short radiative lifetime of 13−27 ns and nonradiative lifetime of 100 ns. Apart from CH 3 NH 3 PbX 3 QDs, CsPbX 3 QDs have been synthesised, which exhibited superior properties such as narrow full widths at half−maximum, remarkably high PL QYs (approximately ≥ 70 %) and tunable broad spectral window. [161] [162] [163] [164] Furthermore, CH 3 NH 3 PbI 3 perovskites were successfully used as stable capping ligands for a range of CQDs such as PbS, CdS, InP and CdSe via solution ligand-exchange reactions, resulting in effi cient electronic passivation for highly luminescent CQDs. [ 165 ] More recently, PbS-in-perovskite solids were fabricated through in-situ epitaxial growth process in solution phase, leading to superior carrier transport between perovskites and PbS. [ 166 ] Most recently, stable CH 3 NH 3 PbI 3 capped PbS QDs were obtained though a solid-state ligand exchange method, which were further used as the absorber in solar cells. [ 167 ] 
Growth Mechanisms
Understanding the crystal growth mechanism is of great importance for optimization of synthetic methods and further applications. Typically, crystal growth in solution can be divided into three basic types: precipitation from supersaturated solution, in situ transformation, and dissolution−crystallization. [ 168 ] For the sequential reaction route, crystal growth is dominated by in-situ transformation or dissolution−crystallization mechanisms. As displayed in Figure 12 , PbI 2 adopts layered structure with a hexagonally close-packed Pb plane sandwiched between two layers of iodide ions. Yang et al. found that the kinetics of such crystal growth process strongly relied on the CH 3 NH 3 I concentration. [ 169 ] At a low CH 3 NH 3 I concentration (<16.5 mM), the growth process followed in-situ transformation mechanism. Only a traceable amount of PbI 2 was dissolved in solvent. As a result, the CH 3 NH 3 PbI 3 crystals maintained inorganic lead framework. When the CH 3 NH 3 I concentration was over 26.7 mM, the dissolution−crystallization mechanism dominated the reaction. PbI 2 was fully coordinated with iodine ions to form PbI 2+ x x-in an iodine rich environment, by Equation ( 2) : [ 170 ] x PbI xI PbI 1,2 2 2 + x x-( )
Then lead complex further acted as as building blocks to recrystallize into a thermodynamically favored morphology in the presence of ammonium cations via Equation ( 
For the medium CH 3 NH 3 I concentration, both mechanisms worked together. From above formation mechanism, the morphology of CH 3 NH 3 PbI 3 functional crystals can be elaborately tailored by controlling the PbI 2 morphology and CH 3 NH 3 I concentration.
Later, Ostwald ripening mechanism was found to exist in one-pot solvothermal method to prepare cuboid shaped [ 171 ] Small crystals were dissolved and re-deposited onto the surface of larger crystals. Dissolution phenomenon from specifi c facets was unraveled, under high temperature and long time of reactions, as a dynamic process of balancing dissolution and recrystallization. Recently, Zheng et al. found that perovskite crystal growth in solid state followed a Volmer−Weber growth mechanism during hot-casting. [ 96 ] Island shaped grains were fi rst formed and subsequently integrated into dense perovskite fi lms. The process was determined by the synergetic effect of thermal energy and force centrifugal fi eld.
Conclusions and Outlook
In summary, we have reviewed recent developments of structure and growth of organic-inorganic halide perovskites towards high-performance electronic devices. Two major forms of perovskites are under discussion, polycrystalline fi lms and single crystals. Film formation process of perovskites plays a paramount role in determining their fi nal photovoltaic and light-emitting diode performance. Perovskite fi lms can be prepared by a variety of techniques, mainly including one-step solution processing, two-step sequential deposition, vapor deposition and vapor assisted solution processing. In addition, other viable deposition methods such as CVD, spray-coating, blade coating, and slot die have been successfully applied to fabricate high-quality perovskite fi lms, paving the way for low-cost mass production of perovskite-based electronic devices.
Perovskite fi lm morphology is of critical importance for device performance, which can be optimized by various strategies such as the use of additives, thermal annealing, solvent annealing, atmospheric control, and solvent engineering. The key is to entail a fi ne control over crystallization and growth of perovskites, aiming to produce uniform fi lms with full surface coverage, large crystal size and even good stability. It is worth noting that chloride additives including HCl, NH 4 Cl, MACl, FACl, TPPCl and 4-ABPACl were found to play a favorable role in the morphological evolution of perovskite thin fi lms, which is very likely due to the chelation between Cl − anions and Pb 2+ cations. Moreover, when selecting the additives, their volatility should be considered. Interestingly, DIO and CN, frequently used additives for OPVs, can be readily employed to regulate the crystallization of perovskites. Solvent engineering and hot-casting techniques were demonstrated to benefi t the formation of large crystal domains. It is thus believed that a combination of improved processing protocols and proper morphological control avenues would lead to signifi cant breakthrough of perovskite based solar cells in the furture.
Perovskites single crystals are receiving increasing attention because of their remarkably lower trap densities, higher charge mobilities, longer carrier diffusion lengths and better stability than their polycrystalline thin fi lm counterparts. It has been found that shape and size of perovskite single crystals are intimately correlated to their optoelectronic properties. We have then summarized shape evolution of perovskites single crystals from 3D large sized single crystals, 2D nanoplates, 1D nanowires to 0D quantum dots. Large-sized single crystals are usually prepared by antisolvent vapor-assisted crystallization, seed solution-growth method, cooling-induced crystallization and solvothermal growth methods. Intriguingly, two-inch-sized single crystals were successful grown from a repeated seed-solution growth method. In addition, inverse temperature crystallization demonstrated a rapid crystal growth approach. Of particular importance, they are ideal platforms for foundamental studies due to the absence of grain boundries, especially in the context of charge recombination dynamics and carrier mobility measurement. Furthermore, perovskites nanoplatelets, microdisks, nanowires and nanodots can grow via the competition between in-situ transformation and dissolution−crystallization mechanisms by controlling the PbI 2 morphology and CH 3 NH 3 I concentration. Besides, the use of caping ligands and crashing solvents facilitate to tailor the shape of perovskite single crystals. Importantly, low dimensional perovskites have exhibited high PL quantum yields, holding huge promise for high-performance optoelectronic applications such lasers, photodetectors, and LEDs.
Emerging applications of these free-standing perovskite single crystals are mostly based on the constrction of one-crystal devices, which is however of high technical diffi culty. Another prime obstacle limiting their further applications is the need of forming ordered arrangement and desirable contact on fl at substrates. Nevertheless, one latest study showed great promise by employing antisolvent vapor-assisted crystallization technique to fabricate planar-integrated single-crystalline perovskites, which exhibited superior photodetector performance. [ 172 ] Of course, more effective strategies such as in-situ growth methods are urgently needed to warrant the optoelectronic integration of single crystals.
